Exercise triggers hormesis, conditioning hearts against damaging consequences of subsequent ischemia-reperfusion (I/R). We test whether "low-stress" voluntary activity modifies I/R tolerance and molecular determinants of cardiac survival. Male C57BL/6 mice were provided 7-day access to locked (7SED) or rotating (7EX) running-wheels before analysis of cardiac prosurvival (Akt, ERK 1/2) and prodeath (GSK3␤) kinases, transcriptomic adaptations, and functional tolerance of isolated hearts to 25-min ischemia/ 45-min reperfusion. Over 7 days, 7EX mice increased running from 2.1 Ϯ 0.2 to 5.3 Ϯ 0.3 km/day (mean speed 38 Ϯ 2 m/min), with activity improving myocardial I/R tolerance: 7SED hearts recovered 43 Ϯ 3% of ventricular force with diastolic contracture of 33 Ϯ 3 mmHg, whereas 7EX hearts recovered 63 Ϯ 5% of force with diastolic dysfunction reduced to 23 Ϯ 2 mmHg (P Ͻ 0.05). Cytosolic expression (total protein) of Akt and GSK3␤ was unaltered, while ERK 1/2 increased 30% in 7EX vs. 7SED hearts. Phosphorylation of Akt and ERK 1/2 was unaltered, whereas GSK3␤ phosphorylation increased ϳ90%. Microarray interrogation identified significant changes (Ն1.3-fold expression change, Յ5% FDR) in 142 known genes, the majority (92%) repressed. Significantly modified paths/ networks related to inflammatory/immune function (particularly interferon-dependent), together with cell movement, growth, and death. Of only 14 induced transcripts, 3 encoded interrelated sarcomeric proteins titin, ␣-actinin, and myomesin-2, while transcripts for protective actin-stabilizing ND1-L and activator of mitochondrial biogenesis ALAS1 were also induced. There was no transcriptional evidence of oxidative heat-shock or other canonical "stress" responses. These data demonstrate that relatively brief voluntary activity substantially improves cardiac ischemic tolerance, an effect independent of shifts in Akt, but associated with increased total ERK 1/2 and phospho-inhibition of GSK3␤. Transcriptomic data implicate inflammatory/immune and sarcomeric modulation in activity-dependent protection.
reperfusion (I/R). Experimentally, exercise limits acute damage and infarction (10, 31, 43) , improves subsequent remodeling and later outcomes (10, 11) , and is one of few stimuli retaining protective efficacy in aged models (51) . How physical activity enhances myocardial resistance to injurious insult and the relevance of factors, such as exercise mode, intensity, duration, and frequency remain unclear. More fundamentally, it is not known whether exercise-mediated cardioprotection reflects improvements in normal stress resistance vs. reversal of depressed stress resistance stemming from chronic inactivity. Caged laboratory animals are activity-limited (and nutrient surfeit) and in this respect mirror sedentary "Westernized" humans whose energy balance has been drastically modified by availability of calorie-dense nutrition, labor-saving devices, and abundant opportunities for sedentary behavior. These factors contribute to ongoing global epidemics of chronic disease.
The mechanistic basis of exercise-dependent cardioprotection may vary across models and has been linked to shifts in antioxidants, heat shock proteins, nitric oxide synthase, cyclooxygenase-2, and prosurvival kinases (10, 12, 25, 31) . However, these mooted determinants can all be dissociated from exercise-dependent protection (3, 4, 18, 19, 25, 53) , implicating other factors (and/or redundancy). Engagement of these mediators arises from local activation of cell surface receptors (including opioid or adenosine receptors) during exercise, and protection may ultimately involve preservation of mitochondrial integrity, limiting permeability transition pore opening, and countering related apoptotic processes (3, 24, 25, 43) . Whether protective adaptations also occur within the contractile apparatus, thus, preserving mechanical function, is not clear. Overall, cardioprotection appears to arise via a complex array of potentially redundant mechanisms, including, but by no means limited to, the above-mentioned candidates (3, 25, 43) , and which may be dependent upon exercise stimulus.
Protective adaptations with exercise are thought to reflect hormesis responses to associated stress, likely oxidative in nature (44) , which potentially target mitochondrial control of cell survival/death (45) . In keeping with hormesis, cytoprotective outcomes in heart and brain more consistently arise with forced or prolonged interventions, whereas brief or voluntary activities may less consistently induce protection (20, 33) . There is evidence of cardiac benefit with as little as 3-7 days of forced running in mice (1) and rats (12, 24, 31, 53) , while single intense exercise bouts can modify relevant protein expression (39) , although there are conflicting findings regarding associated protection (33, 53) . It is likely that both exercise intensity and duration are important factors (25) and that a continuum of stresses (varying across exercise stimuli) may contribute in a complex fashion, potentially generating specific protected phenotypes in a stimulus-dependent manner. For example, forced and sustained activities could involve effects of both "emotional" (neurohumoral) together with more direct exercise stressors.
Relatively few studies assess cardiac effects of voluntary exercise (11, 14, 23, 40, 46) , and fewer still address brief voluntary activity (27) . In the current study, we examine the efficacy of 7 days of voluntary wheel-running, a relatively low-stress form of activity (26, 37, 40) , in improving cardiac ischemic tolerance in healthy male mice. We test whether this form of activity modifies myocardial expression of kinases linked to cell survival (Akt, ERK 1/2) and death (GSK3␤) (38) , and undertake transcriptome-wide microarray analysis to develop a view of molecular adaptations potentially underpinning benefit with voluntary running.
METHODS
All studies were approved by and performed in accordance with the guidelines of the Animal Ethics Committee of Griffith University, which is accredited by the Queensland Government, Department of Primary Industries and Fisheries under the guidelines of The Animal Care and Protection Act 2001, section 757.
Animals and experimental design. Male C57BL/6 mice aged 8 wk and acclimated to 12:12-h light-dark cycles were housed (at 23 Ϯ 2°C) in large individual cages equipped with running wheels (20-cm diameter/6.5-cm-wide solid-surface Wodent Wheels; Transoniq, Flagstaff, AZ). For 20 sedentary control mice, these running wheels were locked (7SED), while for a another 20 mice, the wheels were freely rotating (7EX). Mice were provided standard rodent chow (Specialty Feeds, Glen Forest, Australia) and water ad libitum. Bidirectional wheel running was recorded daily via calibrated bicycle computers (model BC-560; Sigma Sport, Olney, IL), allowing assessment of daily running distances and time spent running. Free-roaming activity outside of wheels (and for 7SED mice) was not measured. Mice from the two cohorts were randomly assigned to either phenotypic study (isolated Langendorff-perfused hearts; n ϭ 6 in 7EX and 7SED groups) or transcriptomic (microarray/PCR; n ϭ 7 in both 7EX and 7SED groups) or proteomic (Western immunoblot; n ϭ 7 in 7EX and 7SED groups) analyses. For the latter protein and gene analyses, hearts were rapidly removed from anesthetized mice, washed briefly in ice-cold isotonic Kreb's solution, and cryogenically frozen until sample preparation.
Ischemia-reperfusion in Langendorff-perfused hearts. Mice were anesthetized with 60 mg/kg pentobarbital sodium administered intraperitoneally, and hearts were isolated and perfused via the aorta in a Langendorff mode, as described previously (21) . Contractile function was monitored via a water-filled balloon located in the left ventricle and inflated to yield an end-diastolic pressure of 5 mmHg. Coronary flow was monitored with an ultrasonic flow-probe proximal to the aortic cannula and connected to a T206 flowmeter (Transonic Systems, Ithaca, NY). All functional data were recorded at 1 kHz on a PowerLab 4/30 system (ADInstruments, Castle Hill, Australia) connected to an Apple iMac computer. The ventricular pressure signal was digitally processed to yield peak systolic and end-diastolic pressures, ϩdP/dt and ϪdP/dt (first derivatives of left ventricular contraction and relaxation over time, indicating peak rates of pressure development and relaxation, respectively), and heart rate.
Following 20 min of stabilization, hearts were switched to ventricular pacing at 420 bpm (Grass SD9 stimulator; Quincy, MA, USA). After a further 10 min, baseline measurements were made, and 25 min of global normothermic ischemia was initiated followed by 45 min of reperfusion. Pacing was terminated on initiation of ischemia and resumed after 1.5 min of reperfusion. No hearts in this study warranted exclusion based upon functional criteria outlined in detail previously (21) .
Western immunoblot analysis of myocardial kinases. Ventricular lysate samples containing 30 g of total protein were loaded onto 10% acrylamide gels and separated at 150 V for ϳ1.5 h. Proteins were transferred to PVDF membranes and blocked in 5% skim milk powder in TBST for 60 min. Membranes were incubated with primary antibody (total and phosphorylated Akt, ERK 1/2, and GSK3␤; and total GAPDH or ␤-actin) (1:1,000; Cell Signaling Technology, Danvers, MA) overnight at 4°C. Following 3 washes in TBST, membranes were incubated with secondary antibody and visualized on a ChemiDoc XRS system (Bio-Rad, Hercules, CA). Because expression of GAPDH was found to change, whereas ␤-actin was stable (93 Ϯ 7% in 7EX vs. 100 Ϯ 6% in 7SED), all expression data were ultimately normalized to cardiac ␤-actin. For purposes of comparison (see Fig. 3 ), expression values were expressed relative to control 7SED hearts.
RNA isolation and microarray analysis. Ventricular myocardium was homogenized in TRIzol reagent (Invitrogen, Carlsbad, CA), and total RNA was isolated according to manufacturer's guidelines. Total RNA was further purified using RNeasy spin columns (Qiagen, Gaithersburg, MD). Total RNA yield and integrity were determined using a NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE) and a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA), respectively. RNA integrity (RIN) scores were Ͼ8.4 for all samples.
Microarray experiments were performed at the IMB Microarray Facility at the University of Queensland, according to standard protocols. Briefly, 500 ng of total RNA was used to synthesize biotinylated amplified RNA (aRNA) using an Illumina TotalPrep RNA amplification kit (Illumina, La Jolla, CA). The aRNA (1.5 g) was fragmented and hybridized (n ϭ 6 per group) to MouseWG-6 v2.0 BeadChips (Illumina). Following hybridization, arrays were washed and stained with streptavidin-Cy3 prior to scanning on an Illumina BeadStation Scanner. Data values with detection scores were compiled using BeadStudio v3.2.6 (Illumina). The data discussed in this article were deposited into NCBI's Gene Expression Omnibus (GEO) (13) . Data are accessible through GEO Series accession number GSE32391 at http://www.ncbi.nlm.nih.gov/geo/.
Array data analysis. Illumina BeadArray expression values were variance-stabilized and robust spline-normalized using the "lumi" package in R/BioConductor (http://www.r-project.org/). Data were filtered to include only transcripts with detection scores Ն0.99 on at least two arrays before importing into TIGR MeV 4.0 software for statistical analysis (19, 916 bead types passed this criterion). The Significant Analysis of Microarrays (SAM) algorithm was used to correct for multiple comparisons and identify differentially expressed genes nonparametrically. Following 2-class unpaired SAM analysis, genes with a fold-change of Ն1.3 and a false discovery rate (FDR) of Յ5% were considered significantly differentially expressed. Differentially expressed transcripts were functionally annotated using Ingenuity Pathway Analysis (IPA) v8.7 (Ingenuity Systems, Redwood City, CA) to link exercise-associated genes in signal networks based on known molecule interactions. IPA was used to identify the top biological and molecular themes on the basis of overrepresentation analysis. Briefly, for each pathway, the fraction of differentially altered genes within a path was compared with the fraction of total genes in that path. The probability of involvement of the respective number of altered genes in the paths/networks was expressed as a P value (values Ͻ0.05 considered significant).
RT-quantitative PCR. Two-step RT-quantitative PCR (RT-qPCR), utilizing SYBR Green I, was employed to confirm differential gene expression for 11 transcripts (see Table 1 for primer details). Briefly, 500 ng of total RNA was used to synthesize cDNA using the Superscript III First-Strand Synthesis System (Invitrogen, Carlsbad, CA) using manufacturer's protocols. Each 20-l qPCR reaction contained 1ϫ SYBR Green Supermix (Bio-Rad, Hercules, CA), 50 nM of each primer and 5 l of a 1:20 dilution of cDNA and was assayed on a CFX96 qPCR system (Bio-Rad). Optimal qPCR cycling conditions consisted of an initial denaturation at 95°C for 3 min followed by 40 cycles of 95°C for 15 s and 62°C for 60 s. After the final PCR cycle, reactions underwent melt curve analysis to detect nonspecific amplicons. Reactions were performed in triplicate and expression levels were normalized to phosphoglycerate kinase 1 (Pgk1) as a reference gene. Changes in expression relative to sedentary hearts were calculated using the 2
Ϫ⌬⌬Ct method (32) and statistically analyzed by Student's t-test, with significance accepted for P Ͻ 0.05.
Statistical analyses. Unless stated otherwise, all physiological and proteomic data are expressed as means Ϯ SE. Comparisons were made between groups using a two-tailed Student t-test. Significance was accepted for P Ͻ 0.05. Statistical approaches to microarray interrogation are detailed above.
RESULTS

Animal characteristics.
Body and heart weights did not differ between 7EX and 7SED animals at baseline, nor after the 7-day experiment ( Table 2 ). Daily monitoring of activity indicated that running occurred primarily at night, with total daily running gradually increasing to a peak between 4 and 7 days (Fig. 1) . By day 7, mice were running on average 5.3 km/day (range 2.5-8.0 km/day), at a mean speed of 38.0 m/min (range 27.4 -63.5 m/min; Fig. 1 ). Average cumulative distance run over the 7-day experimental period was 37.4 km (Fig. 1) .
Cardiac ischemic tolerance is enhanced with voluntary activity. The brief period of voluntary activity did not modify baseline contractile function or coronary perfusion under normoxic conditions (Table 3 ). All hearts subjected to I/R failed to recover normal (preischemic) contractile function and coronary perfusion (Fig. 2) . However, hearts from 7EX mice exhibited improved recovery of left ventricular function. Postischemic diastolic dysfunction was significantly reduced from 33 mmHg in 7SED to 23 mmHg in 7EX hearts, a relative improvement of ϳ30% ( Fig. 2A) . Recovery of left ventricular pressure development was increased from 72 mmHg in 7SED to 102 mmHg in 7EX hearts, equating to a 42% improvement in contractile recovery in 7EX vs. 7SED hearts ( Fig. 2A) . Expressed relative to preischemic values (which were unaltered by activity), % recovery of ventricular pressure development was increased from 43% in 7SED to 63% in 7EX hearts, whereas recovery of coronary perfusion was comparable (76 -79% of baseline) in both groups (Fig. 2B) .
Myocardial kinase expression is selectively modified with voluntary activity. Cytosolic expression of Akt, ERK 1/2, and GSK3␤ was assessed since these contribute to cardiac stress resistance (38) and may play roles in exercise-dependent protection (27, 58) . We also assessed GAPDH to test for modulation of glycolytic metabolism. The 7 days of wheel-running did not modify total levels of Akt or GSK3␤, but increased total ERK 1/2 by ϳ30%. Phosphorylated GSK3␤ was enhanced by ϳ90% in 7EX hearts (Fig. 3) . Total GAPDH levels were also moderately elevated in 7EX vs. 7SED hearts (Fig. 3) .
Cardiac transcriptome adaptations with voluntary activity. Of 45,200 transcripts represented on the Illumina MouseWG-6 v2.0 BeadChip, 19,916 (44%) were expressed in Ն2 myocardial samples per group. A total of 178 unique transcripts were differentially expressed in 7EX compared with 7SED tissue (Ն1.3 fold change, FDRՅ5%), of which 142 transcripts (128 repressed, 14 induced) were mapped by IPA to known genes (see Supplemental Table S1 in the online "long data" supplement). Details of the 14 induced and the 15 most repressed transcripts are provided in Table 4 , and functional groupings of activity-sensitive transcripts are summarized in Table 5 . Functional annotation of differentially expressed transcripts via IPA software identified 142 "network-eligible" genes (14 upregu- lated and 128 downregulated). Networks were generated on the basis of known functions and interconnectivity of affected genes ( Table 6 , Fig. 4 (Fig. 4, Table 6 ). There was little or no evidence of modulation of canonical stress responses (e.g., oxidative stress, heat shock responses). Full details of transcriptomic responses and functional groupings are included online (long data) in Supplemental Tables S1-S6 .
RT-qPCR validation of modified transcripts. To validate gene changes in array data and test the robustness of these responses, RT-qPCR was used to assess expression of select transcripts. The 11 transcripts assessed exhibited a high degree of correlation with expression changes detected via microarray (Fig. 5 ). Transcripts were selected on the basis of substantial upregulation or downregulation together with potential relevance to the exercise phenotype, and included transcripts involved in inflammatory pathways (Ifi27l2), sarcomeric protein modulation (Ttn, Calm2, and Myom2), and metabolism and cell signaling (Mmo2, Rgs10, Gsk3b, Cav3, and Bdh1).
DISCUSSION
Relatively few studies have assessed the effects of voluntary wheel-running on cardiac resistance to disease. Cardiovascular adaptations to exercise (including antioxidant induction, angiogenesis, and hypertrophic growth) may be dependent on exercise stimulus (25) , with evidence that associated stresses are key hormesis triggers (20, 33, 44, 45) . Mice studied here were provided access to running wheels for a 7-day period. Rodent Values are expressed as means Ϯ SE. Data were acquired after 30 min of aerobic perfusion (and at a fixed pacing rate of 420 bpm). EDP, end-diastolic pressure; ϩdP/dt, rate of increase in left ventricle (LV) systolic pressure (rate of LV contraction); ϪdP/dt, rate of decline in LV systolic pressure (rate of LV relaxation). No variables differed significantly between the two groups (P Ͼ 0.05). wheel-running is voluntary, although not strictly analogous to free-roaming activity in noncaptive animals (47) . Wheel-running differs from forced swimming or treadmill running; as mice run of their own volition, it represents nonexhaustive, intermittent, energy-efficient activity (9) , and stress levels (or stress biomarkers) are demonstrably lower in voluntary vs. forced exercise (26, 37, 40) . Thus, outcomes from voluntary activity should reflect greater contributions from activity per se vs. the emotional or neurohumoral stresses associated with forced exercise (26, 37, 40) . Voluntary running for 7 days significantly improved functional tolerance of hearts to I/R (30 -40% relative improvements in recovery of force development and diastolic pressure; Fig. 2 ). This outcome was unrelated to coronary reflow, and there were no differences in body or heart weights between groups. However, relevant shifts in myocardial molecular makeup were detected.
Proteomic modulation with voluntary exercise. The ability of the heart to withstand injurious effects of I/R depends to some degree upon expression and activity of prosurvival (e.g., PI3-K, Akt, ERK 1/2) vs. prodeath (e.g., GSK3␤) kinases (38) . Our data indicate that 7 days of voluntary activity did not modify expression or phosphoactivation of Akt (Fig. 3) . Prior studies of long-term or forced exercise regimes document enhanced Akt expression and/or phosphorylation (27, 58), whereas single exercise bouts may not modify Akt (7). Lack of change in Akt with voluntary running, consistent with absence of a hypertrophic response, indicates cardioprotection does not stem from augmented Akt signaling. On the other hand, total ERK 1/2 levels were moderately enhanced in 7EX hearts (Fig.  3) . Increased baseline expression without a parallel rise in phosphorylation provides a larger pool of ERK 1/2 available for phospho-activation during subsequent stress (such as I/R), which may confer benefit. Prior data are equivocal regarding exercise effects on cardiac ERK 1/2: brief exercise bouts may enhance ERK 1/2 phosphorylation (36), whereas others report that 7 days of exercise has no impact on (27) or represses (17) ERK 1/2 phosphorylation. Given prosurvival actions of ERK 1/2 (38), induction here is consistent with activity-dependent protection.
Myocardial GSK3␤ is implicated in I/R injury, contributing to mitochondrial dysfunction and cell death (38) . Some document shifts in cardiac GSK3␤ with exercise, though these are primarily investigations of sustained or forced activities and/or disease models (27, 29) . Others fail to detect changes in GSK3␤ with exercise, although there is evidence that postischemic GSK3␤ phosphorylation may be improved (58) . Our data show no change in total GSK3␤, while inhibitory phosphorylation is substantially increased in 7EX hearts (Fig. 3) . This is consistent with a role in cardioprotection, and given known stimulatory effects of GSK3␤ on the mitochondrial permeabil- ity transition (38) , shifts in GSK3␤ may contribute to mitochondrial protection linked to beneficial exercise phenotypes (3, 24, 43) .
Transcriptomic adaptations with voluntary activity.
We assessed transcriptomic changes in 7EX hearts to identify the breadth of molecular adaptations. Prior studies assess transcriptomic responses to more intense or prolonged exercise (5, 46, 48) , with considerable variability in effects on the cardiac transcriptome. Here, only a small subset of transcripts (142 known genes) was sensitive to voluntary running (in keeping with low intensity of the activity), and changes were modestonly Ifi27l2 changed more than twofold (Table 4 ). The transcriptomic response primarily reflects repression of gene expression (Table 5) . Although there is no biological basis to ascribing particular mechanistic importance to the smaller set of upregulated transcripts, several induced transcripts are of interest. Of 14 induced transcripts (Table 4) , 6 are associated with metabolic/signaling functions (Abat, Abcb4, Pfkm, Sbk1, Bdh1, and Pdp2), 5 are associated with the sarcomere and cytoskeleton (Ivns1abp, Actn2, Myom2, Ttn, and Scin), 1 is associated with cardiomyocyte growth (Slc6a8), 1 is associated with heme synthesis/mitochondrial biogenesis (Alas1), and 1 is of unknown function (C1orf51). This pattern is suggestive of modulation of metabolic function, sarcomere structure, and potentially myocyte, and mitochondrial growth. Although there is relatively little prior information regarding cardiac modifications, such responses are consistent with some adaptations to activity in skeletal muscle (15) .
Functional groupings support modulation of immune/inflammatory function, cell movement, growth, development, and signaling (Table 5 ). The top modified networks also reflect these groupings (Table 6 , Fig. 4 ). Molecular network 1 (Fig.  4A) is involved in modulation of cell movement, and cardiac necrosis/cell death, with repression of most transcripts. However, induced Ttn, Actn2, Scin, and Ivns1abp are also integrated into this network. Interestingly, ERK 1/2 represents a point of convergence in the network, running modestly upregulated total ERK 1/2 levels (Fig. 3) . The cardiac necrosis transcripts Fstl1 and Mmp2 are also of interest. FSTL1 is increased in ischemic heart disease and may modulate cardiac inflammation and Akt-dependent cardioprotection (41), although it is not clear whether changes in Fstl1 are causal or reflect compensa- Functional groupings of cardiac transcripts differentially modified by 7 days of wheel running. Also shown are P values, and total numbers of involved genes (upregulated transcripts are indicated in bold; downregulated transcripts are indicated in roman). Functional groups derived from Ingenuity Pathway Analysis are categorized into molecular and cellular functions, physiological system development and function, and disease and disorders. Upregulated gene transcripts are indicated in bold/italics, while downregulated transcripts are indicated in italics only. The "Score" reflects the negative log of the P value and signifies the likelihood of network-eligible genes within a network being clustered together as a result of chance. See Fig. 4 for details of networks 1 and 2. tory responses to cardiac disease. The latter is consistent with an inverse correlation between FSTL1 and contractile dysfunction in heart failure patients before and after LVAD implantation (30) . Repression with exercise, contrasting induction with disease (30, 41) , may thus reflect adaptation to activity-dependent improvements in stress resistance and contractile function. On the other hand, MMP2 contributes to cell death and dysfunction in infarcted myocardium (2) , and Mmp2 repression [together with repressed Sparc, which normally promotes MMP2 production (35) ] may assist in preserving sarcomere integrity during I/R.
Inflammatory/immune modulation. Network 2 centers on IFN/NF-B and major histocompatibility complex control of inflammation/immunity and antigen presentation, with generalized repression reflecting an anti-inflammatory phenotype (Fig. 4B) . Inflammation is upregulated in pathological states, including I/R and diabetes, contributing to both cellular damage and tissue repair in postischemic myocardium (16) . A recent study demonstrated that Ͼ4 h of sedentary recreation triggers up to 3-fold elevations in the inflammatory marker C-reactive protein and is a critical risk factor for cardiovascular disease (49) . Repression of immune/inflammatory transcripts (Tables 4 -6, Fig. 4 ) is in agreement with prior studies reporting downregulation of proinflammatory or immunity-related genes (5, 48) . Such effects are thought to arise via antiinflammatory cytokine release (e.g., IL-6, IL-10, IL-1ra, soluble TNF-R) from skeletal muscle, adipose tissue, and other sites (23, 42, 55) and may contribute to benefit with exercise (54) . There has been little assessment of activity-dependent modulation of inflammatory mediators within the myocardium itself (23) .
A substantial number of activity-sensitive transcripts are interferon (IFN) regulated (Table 6) , with network 2 linked to IFN signaling (Fig. 4B) , and three of the eight most repressed transcripts being IFN-inducible (Ifi27l2, Ifitm1, and Ifitm2) ( Table 4 ). The function of encoded IFI27L2 is unclear: while IFITM1 is key to IFN-␥ modulation of proliferation, enhancing p53 function, inhibiting ERK 1/2 signaling and promoting inflammation (56, 57) , Ifitm2 has been identified as a p53-independent proapoptotic gene (8) . As shown in Fig. 4 and Tables 4 and 6 , IFN-inducible transcripts were all repressed with voluntary activity (Ifit3, Ifitm1, Ifitm2, Ifitm3, Oas1, Psmb8, Isg15, and Ifi27/Isg12), consistent with activity-dependent repression of IFN␣, IFN␤, and IFN␥ signaling.
Sarcomeric and cytoskeletal modulation. Interestingly, transcripts for three key and interrelated sarcomeric proteinstitin, ␣-actinin, and myomesin-2-were induced. Additionally, Ivns1abp/Nd1l and Scin were induced, encoding, for the former, a ubiquitous Kelch protein that stabilizes cytoskeletal actin, activates ERK 1/2, and exerts prosurvival effects in cardiac cells (34) and, for the latter, a Ca 2ϩ -sensitive actinsevering and actin-capping protein that regulates actin dynamics. These changes may collectively influence contractile tolerance to I/R. Table 5 ). A: network 1 is involved in cellular movement, cardiac necrosis, and cell death. B: network 2 is involved in the inflammatory response, antigen presentation, and cell-to-cell signaling and interaction. Transcripts are color-coded, according to expression changes (green, upregulation; red, downregulation). Gray highlights molecules present in the data set (false discovery rate: Յ5%) that did not meet the Ն1.3-fold cut-off criteria. White indicates predicted molecules computationally incorporated into the networks based on evidence within the IPA knowledge base. Lines between molecules indicate a direct molecular connection.
Titin acts as a molecular "spring," modulating myocardial stiffness and systolic and diastolic function, and it is targeted by MMP2 to promote cell damage and death in I/R (2). As noted above, repression of Mmp2 (and Sparc) could thus limit titin-dependent damage in 7EX hearts, with Ttn induction and upregulation of sarcomeric myomesin-2 and ␣-actinin further enhancing contractile tolerance. Myomesin-2 is the major myosin M-band cross-linking protein, and in a complex with obscurin/obs1, binds the COOH-terminal domain of titin. ␣-Actinin cross-links arrays of actin filaments (so called Zlinks), and binds titin in the Z-disk via its calmodulin-like COOH-terminal domain. Thus, M-band and Z-disk integration of titin hinges on myomesin-2 and ␣-actinin, both upregulated with titin in response to activity. Expression of ␣-actinin and myomesin-2 is important for the maintenance of normal cardiac function, as evidenced by impaired expression in heart failure (28) and cardiomyopathy arising from ␣-actinin mutation (6) .
Metabolic modulation. In addition to inflammatory and sarcomeric transcripts, voluntary activity-modified transcripts involved in cellular metabolism. Alas1 was induced, encoding a mitochondrial enzyme catalyzing the initial rate-limiting step in heme biosynthesis, and which is essential to mitochondrial biogenesis. Upregulation may be important in promoting mitochondrial biogenesis, relevant to tissue protection and meeting increased metabolic demands. Eisele et al. (14) report that voluntary activity (albeit for 4 wk) does significantly stimulate myocardial mitochondrial biogenesis.
In terms of glycolysis, prior studies support improvements in myocardial glycolytic metabolism with exercise (52) . Transcriptional analysis here identifies modest upregulation of phosphofructokinase, which (additional to actin binding effects) will enhance glycolytic flux. Total levels of GAPDH were also modestly enhanced with activity (Fig. 3) , further evidencing adaptations in myocardial glycolytic metabolism. In the context of I/R, improvements in glycolytic vs. fatty acid metabolism may be cardioprotective (50, 52) .
Study limitations. Three study limitations must be noted. First, in the absence of alternate means of monitoring activity (e.g., video surveillance or telemetry), it was not possible to precisely contrast levels of activity between the two groups (mice with locked wheels cannot undertake wheel running but are nonetheless active), or characterize speed, intensity, intermittency, or diurnal patterns for the wheel running stimulus (only total daily distances and running times, and thus mean velocities, were recorded). This drawback, together with absence of data on circulating stress markers, limits our ability to conclude that the intervention is "low stress" in nature. Nonetheless, other studies support a minimal impact of voluntary running on cellular stress processes in different organs (26, 37, 40) .
A second limitation relates to the fact that we focus on sustained protein and gene adaptations to voluntary activity (in normoxic myocardium) as a potential basis for stress resistance. We do not test transient molecular responses to individual exercise bouts, or shifts in molecular responses to I/R itself. Future work might address the possibility that exercise could also modify the responses of unaltered proteins (such as Akt) to I/R stress.
A final limitation relates to our assessment of gene and protein expression in both left and right ventricular myocardium, whereas functional protection was assessed for left ventricle only. Although the left ventricle represents ϳ75% of ventricular mass, it is feasible that some molecular responses documented could be regionally localized to one ventricle over the other. Unfortunately, we cannot ascertain here whether observed transcriptomic and proteomic adaptations to exercise arise uniformly in (and thus benefit) both ventricles.
Perspectives and Significance
This investigation demonstrates that a relatively short period (7 days) of voluntary wheel-running significantly increases myocardial ischemic tolerance in young male mice. This lowstress intervention enhances I/R tolerance independently of shifts in cardiac mass, contractile function, and coronary perfusion, and in the absence of transcriptomic evidence of stress responses. While expression/activation of Akt was unaltered, voluntary activity improved cytosolic ERK 1/2 levels and GSK3␤ phospho-inhibition, consistent with enhanced I/R tolerance. Transcriptomic interrogation reveals a small set of activity-sensitive transcripts, the majority of which are repressed. These data support repression of immunity/inflammation (particularly, IFN signaling), together with induction/ protection of titin and related sarcomeric transcripts. Moderate voluntary activity thus induces varied molecular changes that may promote cardiac I/R resistance. These findings suggest, in turn, that stresses associated with more intense or forced activities may not be essential to cardiac protection. If responses to voluntary activity observed in rodent myocardium are not species-specific, such stimuli may be applicable in modulating ischemic tolerance in heart disease and surgical patients. The roles of novel adaptations in immunity/inflammation and sarcomeric elements warrant further investigation.
